treatment of these waters as their quality deteriorates and water quality standards become 23 more difficult to achieve. Alternative coagulant chemicals offer a simple and inexpensive 24 way of doing this. In this work a novel zirconium (Zr) coagulant was compared against 25 traditional Fe and Al coagulants. The Zr coagulant was able to provide between 46 and 150% 26 lower dissolved organic carbon (DOC) residual in comparison to the best traditional 27 coagulant (Fe). In addition floc properties were significantly improved with larger and 28 stronger flocs forming when the Zr coagulant was used with the median floc sizes being 930 29 m for Zr; 710 m for Fe and 450 m for Al. In pilot scale experiments, a similar improved 30 NOM and particle removal was observed. The results show that when optimised for 31 combined DOC removal and low residual turbidity, the Zr coagulant out-performed the other 32 coagulants tested at both bench and pilot scale. coagulation pathways has suggested that NOM is removed through a combination of direct 42 precipitation of metal-NOM solids and adsorption onto metal hydroxide precipitates (Shin et 43 al., 2008) . In both cases the demand for coagulant is stoichiometric and that whenever NOM 44 is present in a source water these two mechanisms dominate. The role of the coagulant 45 depends on many factors including: speciation of the hydrolysis products, quantity and 46 reactivity of complexing ligands, and the rate of mass transfer between these components 47 7 was conducted in duplicate, the rpm of the stirrer in the jar tester was increased following the 138 initial 15 minute flocculation period. Increased stirrer speeds of: 30 (7.4 Comparison of the best performing conventional coagulant with the Zr coagulant was then 146 carried out using a continuous pilot-scale treatment system. Source water was taken from the 147 same source as for the jar tests and transported to Cranfield University's pilot plant hall using 148 a 30 m 3 tanker and was fed directly from the tanker to the pilot plant during experimental 149 runs. 150
151
The pilot plant used in the experiments consisted of a rapid mix tank, two flocculator tanks in 152 series, dissolved air flotation (DAF) and sand filtration (Figure 1 ). This configuration was 153 used as it simulates a typical flowsheet used at full-scale for treating a high organic content 154 water of this type. Raw water was pumped through the plant at 200 L.h -1 . The flow through 155 the plant was controlled using a flow meter coupled to a valve positioned before the rapid 156 mixing tank. The flow was calibrated prior to pilot scale testing. The feed water was mixed in 157 the rapid mix stage at 200 rpm at a contact time of 2 minutes. Fresh solutions of coagulants 158 were prepared before the start of each run. NaOH solutions of 0.5 and 0.25 M concentrations 159 were prepared for pH adjustment of coagulation. The coagulant and pH adjusting chemicals 160 were pumped into the coagulation tank using peristaltic pumps. The pH was monitored with a 161 for 7 days in the dark. Samples were chlorinated at a dose that was five times greater than 174 the DOC concentration. Samples were buffered at pH 7 to nullify any pH effects. After 7 175 days exposure to chlorine, samples were quenched using sodium sulphite (100 mg.L -1 ) and 176 transferred into vials containing a buffer. The buffer was 1% sodium phosphate dibasic 177 (Na 2 HPO 4 ) and 99% potassium phosphate monobasic (KH 2 PO 4 ) and was added to prevent 178 the transformation of other DBPs to THMs. THM4 (trichloromethane, 179 dichlorobromomethane, dibromochloromethane and tribromomethane) were analysed. The 180 total THM concentration was measured using gas chromatography (GC) with micro electron 181 capture detection (µECD) (Agilent 6890). removal and turbidity removal, it can be seen that Zr operates over a wider range of zeta 220 potentials for optimum removal, but has more specific pH requirements than the other 221 coagulants for a given dose to reach the required zeta potential range (Table 1) . The results 222 agree with previous work treating similar waters showing that as long as coagulation is 223 carried out within the correct zeta potential range, optimum particle and NOM removal will 224 be achieved . Floc characteristics were measured for coagulation conditions that represented optimised 233 treatment within the previously determined operational zeta potential windows (Table 1) . 234
These were doses and pH levels of 5 mg.L -1 at pH 5. typically seen on a full-scale water treatment facility. This was thought to be as a result of 316 scaling difficulties resulting in less effective DAF performance than when compared to a full 317 scale plant. The optimum reaction zone for bubble attachment to particles was difficult to 318 achieve using a single nozzle in the pilot plant when compared with how multiple numbers of 319 nozzles operate in a full scale system. This resulted in high particle loads onto the filters. producing similar quality flocs in terms of physical characteristics . 360
Consequently, the practical significance of using Zr coagulation is as a direct replacement for 361 (Veyland et al, 2008) . Whilst the distribution of hydrolysis products remains 369 unclear, the higher zeta potential and IEP for the Zr coagulant demonstrates that it provides 370 more charge than the alternative coagulants. The improvements may therefore relate to 371 increased charge on precipitated Zr solids, which have been demonstrated to be important for 372 alum coagulants (Letterman and Iyer, 1985; Dentel 1988) . 373
374
The observation that the Zr coagulant had a much narrower pH range of operation when 375 compared with the Fe and Al coagulants may be linked to the ion associated with the metal 376 coagulant. Sulphate has been shown to be a strongly adsorbing anion which can destabilise 377 systems in which coagulant has been overdosed, effectively extending the operational pH 378 range over which the coagulant may operate (Letterman and Vanderbrook, 1983) . 379
Oxychloride is a less well adsorbed ion and therefore does not produce the same effect, 380 further indicating that more precise control of the Zr coagulant's operational range is 381 required. 382
383
The parameter of floc strength is difficult to both define and measure leading to a number of 384 approaches. However, irrespective of approach, it is accepted that the strength of the 385 aggregate relates to the combination of the number and strength of the bonds formed (Bache, 386 
